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Stability of Langmuir-Blodgett Films
Up to now the lack of stability of Langmuir-Blodgett (LB) films has been a serious problem which limited their use in scientific investigations and prevented industrial application. Conventional LB films are unstable in many respects: They dissolve easily in many solvents and often have a poor long-term stability. Furthermore their mechanical and thermal stability is quite low; LB-films often decompose at temperatures below 100 °C.
The major concept exploited lo stabilize LB multilayers is to Sink the film-forming molecules together laterally. Consequently, simple polymers, such as polymethylmethacrylate and polyvinylacetate, [1] were used initially for spreading at the air-water interface. Block copolymers have also been investigated.' 2,3I Although these polymers form monolayers which can be transferred onto solid substrates by the LB method, homogeneous and defect-free multilayers have not been obtained. Further development was based on amphiphiles which could be polymerized after film formation, preserving the structure of the initial LB film. [ 
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I Generally, the polymerization is induced by irradiation. 15 "" 71 Other means of polymerization such as polycondensation of films have also been investigated [4 " 8-111 and indeed, the polymerization improves stability towards mechanical, thermal and environmental attack. Usually, the polymerization reactions induce structural reorganizations which can induce defects in the multilayers, e.g. by shrinkage. These problems can be minimised by appropriate molecular design, 1141 However, the control of the degree of polymerization, and the removal of unreacted monomers and side-products is not possible using this approach.
LB Films by Spreading and Transfer of Polymers
To overcome these problems, polymers are required which spread at the air-water interface forming a monolayer that can be transferred subsequently onto solid substrates resulting in a layered structure. Such polymers can be prepared monomer-free in macroscopic quantities lI 2 ""' s) with defined molecular weight and can be characterized by standard techniques.
Two different principles are known at present, relating the tendency of the polymers to self-organize in LB films to molecular design criteria. The self-organization can be induced by attaching amphiphilic side chains to a polymer backbone of conventional flexible character or by creating a polymer backbone with a rod-like character decorated by flexible hydrophobic side chains. The latter is an entirely new principle in the design of molecules for LB films.
2.1, Amphiphilic Polymers
In amphiphilic polymers or copolymers a main chain having a hydrophilic character due to either hydrophilic segments or side groups is rendered amphiphilic by long-chain, «-alkyl side groups [12~151 (Fig. 1 20, 211 These polymers show improved performance in terms of homogeneity and stability of the multilayers. Additionally, fluidity and mobility of the polymeric LB films can be optimized by using alkyl side-chains of different length in the same molecule, as depicted in Figure 2 . Tt is a remarkable feature of polymers, that even monolayers in the fluid phase with conformationally disordered alkyl chains can be deposited to give homogeneous, stable LB films.
The vinyl copolymers are especially suited for the introduction of functional groups to tailor desired properties. As an example, comonomers can be incorporated which contain chromophores to be used in nonlinear optics (Fig. 3) or for further chemical modifications) 211 
Poly condensation Polymers
The use of polycondensation and polyaddition in polymer synthesis allows the incorporation of heteroatoms and of tailor-made main-chain spacers. Examples of amphiphilic polycondensation polymers are given in Figure 4 . Multilayers constructed from polyamides and polyurethanes show a high thermal stability. Decomposition temperatures up to 200 °C are observed, probably due to hydrogen bonding interactions of amide and urethane groups along the backbone. 1221 
Amphiphilic Polymers by Polymer Analogous Reactions
A number of different routes have been explored to implant amphiphilic character into common polymers via poly- mer analogous reactions. Examples are the functionalization of styrene-maleic anhydride copolymers, 1261 the treatment of poly(epichlorohydrine) to introduce a chromophore as well as an alky! side chain by a two-step synthesis,' 231 acidcatalyzed acetalization of long-chain aldehydes with poly-(vinylalcohol) [24] or reaction of poly(allylamine) with perfluorinated alkylisocyanates or -esters' 25 ' to produce urethanes or amides. Special interest was concentrated on hydrophobic poly-(siloxanes) due to the simplicity of their modification and their etch resistance in microlithography, which is shown for LB multilayers of an amphiphilic polysiloxane in Figure 5 . The spreading behavior of poly(dialkylsiloxanes) on the water surface has been investigated already' 37 ' including the study of polymers in the floating process.' 28 ' Detailed surface-pressure-area diagrams have been reported for several types of conventional polysiloxanes ,2y_32 ' and copolymers. Modification of the structure of the polysiloxanes in order to optimize the formation of LB films has been neglected in the past.
Time (mln)
Attempts to transfer halogenated polysiloxanes as stacked monomolecular films on a substrate have been recently published,' 33 ' as well as the preparation of amphiphilic siloxanes via hydrosilylation of poly(methylsiloxanes). These polymers were functionalized with chromophores for measurements of nonlinear optical properties.
[3+_35! This approach towards amphiphilic functional poly(siloxanes) has been extended by the design of copolymers with different types of side chains to obtain a variety of multilayer properties. In particular, appropriate hydrophilic head groups have been combined with side groups to produce poly(siloxanes) with solid-analogue behavior at the air-water interface (compare Figure 6 ). These polymers are superior in multilayer produc- tion compared to the often fluid-tike standard products. New functions, like chromophores useful for nonlinear optics and units which provide sites for light-induced curing reactions can be introduced in this way.
2.1,4. Lipid-Polyelectrolyte Complexes
If the amphiphiles at the air-water interface expose an ionic hydrophilic group to the aqueous subphase they must be counterbalanced by oppositely charged counterions. An interesting case arises iflow molecular weight amphiphiles of this type interact with high molecular weight poly-ions dissolved in the subphase. Anionic dialkylphosphates and cationic vinylpyridinium polymers for example have been used to study such interactions by which the polymeric species in the subphase become strongly adsorbed to the monolayer. The resulting polyelectrolyte-lipid complexes are easily transferred to build up LB multilayers. polyelectrolyte and of the lipid bearing the functional groups may avoid complications in the synthetic or polymerization procedures involved when chemically sensitive groups such as chromophores have to be incorporated into the LB structure. Hemicyanmes' 551 show (Fig. 8) how a direct attachment of a sensitive dye to the polymer backbone is circumvented by complexation. Although the lipid depicted in Figure 8 does not give multilayers when used directly, complexation with poly(acrylie-acid) enables the preparation of transparent, deeply colored, uniform multilayers, which arc stable up to 120 °C. properties compared to the multilayers built from the uncomplexed amphiphiles, e.g. different optical spectra or modified bilayer spacing (Fig. 7) , Such complexcd LB multilayers show improved properties, as illustrated here by their enhanced thermal stability. The melting temperature of selected complexed multilayers can be improved by as much as 100°C.
[40) As an illustrative example, the relationship between structure and order as measured by temperature-dependent X-ray diffraction is shown in Figure 7 . The complexation of the lipids in the multilayers by polyelectrolytes has a similar consequence with respect to thermal stability as polymerization of the constitutive units of the LB layer. A large pool of readily accessible lipids with ionizable groups and polyelectrolytes can be combined in many ways to give rise to such complexes, saving much synthetic work. The separate synthesis of the Area (nm 2 /repeat unit) 
Amphophilic Liquid-Crystalline Polymers
The search for improved thermal stability of LB multilayers led to the replacement of the hydrocarbon chains of the amphiphiles with fluorocarbon chains and/or aromatic moieties. In particular, mesogenic aromatic moieties have been incorporated li4 ' 451 with the result of improved thermal stability. Whether further liquid crystalline (LC) phases with improved mobility of the mesogenic units can be achieved and used to heal defects like grain boundaries in these multilayers is a matter of speculation at present. However, the idea of constructing such "amphotropic LB multilayers" [21] which can undergo phase transitions to thermotropic liquidcrystalline phases without destruction of the multilayer architecture is intriguing. Tn addition to their improved thermal behavior, many mesogenic amhiphiles are investigated because they contain chromophores 140,501 of interest for nonlinear optical studies.
Amphiphiiic LC polymers [21,40,+5 " 501 have been used to combine the effect of the polymer backbone and of the mesogenic side chain. As found for classical polymeric amphiphiles, satisfying spreading and deposition behavior of the LC polymers is observed when appropriate side-chain or main-chain spacer groups are present 140 ' 48 -511 (Fig. 3d) . The copolymers are particularly suited for the preparation of high-quality multilayers with good thermal stability. Interestingly, these multilayers exhibit complex reorganization processes and thermochromic behavior |40 , S1] which are not yet understood. Hence, no general picture has yet emerged of how the mesogenic groups will influence the multilayer properties in detail. Most recently it was shown that the preparation of LB multilayers is not restricted to polymers forming calamitic LC phases. Some polymers which form discotic LCs are suitable, such as the ones shown in Figure 9 , offering new ways to stabilize multilayers. [53: '" ventional amphiphihc molecules forming LB films. It should be remembered that the stability of conventional LB layers depends on the fact that a close packing of chains with longrange order within the layer can be achieved, which is not the case for the molecules discussed in this section. This type of polymer is represented best by an unsymmetrically substituted phthalocyaninato-polysiloxane. 1161 More than 200 layers of these molecules can be transferred easily onto hydrophobic substrates. Stable LB films of high quality are formed in which the backbones are oriented preferentially parallel to the dipping direction. The spreading, compressing, transfer and packing in layers of these molecules is schematically depicted in Figure 10 . Fig. 9 . Spreading behavior of monomeric and polymeric discotic LCs at 20 °C.
Rod-like Polymers
Rod-like polymers can be organized in the form of LB films for reasons related to the stiffness of their backbone. Stable monolayers are formed by polymers which exhibit groups with few or very small polar functions. Typical examples of such polymers are phthalocyaninato-polysiloxanes,' 161 several polyglutamates in the a-helix conformation^. 57-63, es, 66] spedal cellulose alkylethers/ 54 -i6>64i specifically substituted polysilanes 1681 etc. These polymers cannot be classified according to the rules developed to specify amphiphilic compounds.
Surface-pressure-area diagrams of rod-like polymers are known for cellulose esters, ethylcellulose 154 ' 561 and polypeptides in the a-helix conformation, like poly(benzylaspartate) and poly(methylglutamate).
157-591 The behavior of polypeptides as monolayers at the air-water interface has been studied extensively. However, the transfer of only one such layer to quartz substrates with persistence of the a-helix conformation in the transferred layer (measured using TR spectroscopy) has been reported. 1601 In the case of multilayers, an hexagonal packing of the a-helix chains has been proposed based on SAXS results. 561 ' Preferential alignment of the polypeptide backbones parallel to the dipping direction was found by circular dichroism [62] and polarized XR spectroscopy. 1631 Generally, the deposition behavior of polypeptides [60_ * 31 and also of some cellulose derivatives' 641 was reported to be very poor and therefore these materials were not considered to be suited for formation of multilayers with a reasonable degree of perfection.
As a new concept to overcome this problem, rod-like polymers surrounded by conformationally mobile side chains to prevent crystallization and to provide mobility of the stiff backbones within the monolayer [16,20 ' 65 < 6 *i have been developed. As a general route, rod-like polymers are decorated by alkyl chains of different length wrapping the individual backbones with a skin of liquid-like segments. Thus, the structure of these polymers is quite different to that of con- High-quality multilayers of a-helix poly(alkylglutamates) 120 ' can only be built up when the side chains are disordered. This is achieved by selecting copolymers with an appropriate ratio of long and short alkyi side chains. A detailed investigation was carried out for poly(methyl-cooctadecytglutamate) where a ratio of methyl/octadecyl of 3/10 to 6/10 was found to be the optimum.
Recent experiments with cellulose ethers are in agreement with these results. Good transfer properties are obtained when cellulose is etherified to contain partly methoxy and partly lauryloxy side chains. Alternatively, the cellulose ethers of a branched alcohol like isopentanoi show excellent performance in the preparation of multilayers.
Substituted poly(diphenylsilanes) are rod-like polymers found to form LB films. 1681 The backbone of these polysilanes is stiffened by two phenyl residues per repeat unit and the attraction to the water surface is provided by alkoxygroups, The shape of the surface-pressure-area diagrams (Fig. 11) indicates that defined monolayers are not obtained Rrea (nm 2 /repeat unit) for completely hydrophobic polysilanes (1) or partly polar polysilanes with only one phenyl ring per repeat unit (2). However, poly(bis-butoxyphenylsilane) forms stable monolayers and can be transferred to hydrophobic substrates to provide well-ordered multilayers. The multilayers formed by these rod-like poylmers generally show order with regard to alignment of the backbone to the dipping direction, (Fig. 10 ). This orientation of the polymer backbones can be improved by anneaiing at 120 °C subsequent to the deposition.
Summary and Perspectives
Polymers are versatile materials for LB multilayers. The structural variety of useful polymers seems to be unlimited, stretching from classical vinyi polymers via polycondensates, polyelectrolyte complexes, and LC polymers, to rod-like macromolecules. Polymers offer increased thermal stability, and simple functionalization of the resulting multilayers compared to low molecular weight compounds. In particular, phase separation, which often appears in monolayers prepared from mixed compounds, can be overcome when the layers are linked together covalently. Also, different functionalities can be combined at will. In contrast to low molecular weight analogues, polymeric monolayers are useful even in the fluid state. Furthermore, novel principles, such as rods in fluid matrices, can be realized using polymers. In this way, unusual multilayer properties, like in-plane anisotropy, are accessible. Because of these outstanding properties, polymers are facing a bright future in LB-work.
